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Appendix 1 

Pup tagging locations and tracks 

 

Figure A1. Pup tagging locations and tracks. Tracks show pup movements during the first 120 

days after leaving the colony (North – South: NE Scotland; Muckle Green Holm, Stroma. W Wales; 

Anglesey, Bardsey, Ramsey).  



Appendix 2 

Implementation of covariate effects in the generalized HMM 

HMM structure 

 

Figure A2. HMM dependence structure. In a conventional movement HMM (black), observed 

movement metric(s) (!"; e.g. step length and turn angle) are generated by probability distributions 

that depend on latent states (Z"; e.g. resting, foraging and travelling). However, this assumes that 

animal movement patterns associated with latent states are stationary. By modelling state-

dependent distribution parameter(s) (e.g. mean step length) as a function of covariate(s) ($"; e.g. 

time) in a generalized HMM, we can create models of animal movement in which state-dependent 

movement behaviours are affected by intrinsic and extrinsic factors (e.g. as juveniles develop 

foraging skills with age). 

 

Covariate effects on state-dependent probability distribution parameters 

Covariate effects (time since leaving colony, region and sex) were implemented on state-

dependent probability distribution parameters in the following way: %&
(() = exp .exp ./0

(()1 −

exp .3&40
(()11, where, for each time interval (t), mean step length (%&

(()) depends on the state (5), 

the (log-scale) asymptote .exp ./0
(()11, the row vector of covariates (3&), and the corresponding 

column vector of coefficients .40
(()1. The exponential function is used to ensure that %&

(() > 0. 

Similarly, for directional persistence parameter, 8&
(() =

9:;<"=>.?@
(A)1
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, where logitGB ./N
(()1 is the 

asymptote and the inverse-logit transformation is applied to ensure that 0 < 8&
(() < 1. The time 



since leaving colony covariate was standardised to zero mean and unit variance for numerical 

stability. The inclusion of time relaxes the stationarity assumption of the state-dependent 

probability distributions, whilst the inclusion of region and sex covariates serves as a partial-pooling 

mechanism (Zucchini et al. 2016). This was done because previous analysis of grey seal pup 

movements has revealed that ontogenetic changes in behaviour are not equal between region and 

sex sub-groups (Carter et al. 2017).  Normal 95% confidence intervals for %&
(() and 8&

(() were 

calculated based on the Delta method using finite difference approximations of the first derivative 

(Casella and Berger 2002). 

 

Covariate effects on state transition probability matrix 

Covariate effects on the state transition probability matrix (Γ(&)) were implemented with a 

multinomial logit link function: 
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where, for c, e ∈ {1,2,3}	and	c ≠ e, p&
(qr) = 3&4(qr). The p&

(qr) are first exponentiated to obtain positive 

values, then divided by the row sums to obtain the probability of transitioning from state i at time t-1 

to state j at time t .T&
(qr)1.  

 

  



Appendix 3 

Model validation 

Maximum likelihood estimation 

Maximum likelihood estimation was performed using the forward algorithm (Zucchini et al. 2016). 

Poor parameter starting values for numerical maximisation may affect the ability of the HMM to find 

the global optimum of the likelihood function (ℒ) (Zucchini et al. 2016). Starting values were 

selected by testing 50 model runs with random combinations of parameter values 0.25 ≤ %( ≤ 14 

and 0.1 ≤ x( ≤ 10 and 0.01 ≤ γ( ≤ 0.9. We assumed that mean step length (%() and directional 

persistence (γ() would be higher for 5 = {| than for 5 ∈ {}, ~}. The best starting values were 

identified by comparing the maximum log ℒ estimate for each iteration of the model, and these 

values were then used throughout model selection.  

 

Model pseudo-residuals 

Model validation was performed by visual inspection of pseudo-residuals. Pseudo-residual plots 

are presented for the minimal adequate conventional HMM (Fig. A3) and the minimal adequate 

generalized HMM (Fig. A4). Pseudo-residuals were close to normally distributed (Fig. A3a-d). 

However, the autocorrelation function (ACF) revealed some residual autocorrelation for step length 

(Fig. A3e). This indicates the presence of some underlying exogenous pattern in the step data that 

is not captured by the model. The residual autocorrelation may suggest the need for more states or 

covariates to capture all elements of the data. Nevertheless, whilst more states may improve 

model fit, it would negatively impact our ability to biologically interpret model output. Based on the 

advice of Pohle et al. (2017), our choice of three states here is informed by careful and pragmatic 

consideration of grey seal ecology as well as the fundamental constraints of the dataset. 

 



 

Figure A3. Model pseudo-residuals for minimal adequate conventional HMM. Histograms (a-b) and 

quantile-quantile plots (c-d) show that model pseudo-residuals are normally distributed. 

Autocorrelation function for step length (e) reveals some residual autocorrelation not explained by 

the model. 

 



 

Figure A4. Model pseudo-residuals for minimal adequate generalized HMM. Model pseudo-

residuals were almost indistinguishable from those of the minimal adequate conventional HMM 

(Fig. A3). 

  



Appendix 4 

Model selection 

Table A1. HMM backwards selection by AIC. Model selection is shown for conventional and 

generalized HMMs separately. ΔAIC shows change in score compared to the best model (lowest 

AIC) of the previous round. Threshold for covariate removal = ΔAIC < 2 (shown in bold). 

Covariates: “T” denotes time (continuous), “R” denotes region (factor), “S” denotes sex (factor). “:” 

denotes an interaction, “Asym” indicates if an asymptotic relationship was permitted, minimal 

adequate model shown with “*”. Comparison of the minimal adequate conventional and minimal 

adequate generalized HMMs is shown at the bottom. 

 
 

 Covariate effects   

   Mean step length 
(�Ä∈{Å,ÇÉ}) 

Dir. persistence 
(ÑÄ∈{Å,ÇÉ}) 

State transition 
prob.   

HMM 
type round model covs asy

m covs asy
m covs AIC ΔAIC 

Conv. 
maximal NA NA NA NA T:R:S 236844.7 0.0* 

1 NA NA NA NA T:R+T:S+R:S 236882.5 37.8 

Gen. 

maximal T:R:S Y T:R:S Y T:R:S 235427.3 0.0 

1 

a T:R:S Y T:R:S N T:R:S 235426.5 -0.8* 

b T:R:S N T:R:S Y T:R:S 235431.2 3.9 

c T:R:S Y T:R:S Y T:R+T:S+R:S 235474.8 47.5 

2 

a T:R:S N T:R:S N T:R:S 235430.2 3.7 

b T:R+T:S+R:S Y T:R:S N T:R:S 235436.4 9.9 

c T:R:S Y T:R+T:S+R:S N T:R:S 235440.9 14.4 

d T:R:S Y T:R:S N T:R+T:S+R:S 235474.9 48.4 

     Minimal adequate conventional HMM: 236844.7 0.0 
     Minimal adequate generalized HMM: 235426.5 -1418.2* 

 



Appendix 5 
Temporal changes in movement characteristics 
Table A2. Change in state-dependent distribution parameters with time since leaving colony from the generalized HMM. Mean speed (ms-1) is 

derived from mean step length per 2 h time interval. Directional persistence values are a measure of path straightness, scaled from 0 to 1. 

Values are given as sample mean (µ) with associated lower and upper 95% confidence intervals (lci, uci). Day values relate to time since 

leaving colony. NES = Northeast Scotland, WW = West Wales, (m) = males, (f) = females. 

 Mean speed (ms-1) Directional persistence  

 Foraging Travelling Foraging Travelling 

 day 1 day 120 day 1 day 120 day 1 day 120 day 1 day 120 

 µ lci uci µ lci uci µ lci uci µ lci uci µ lci uci µ lci uci µ lci uci µ lci uci 

NES (m) 0.28 0.27 0.3 0.28 0.27 0.3 0.7 0.65 0.75 0.84 0.79 0.9 0.35 0.29 0.42 0.25 0.18 0.31 0.5 0.45 0.55 0.75 0.71 0.79 

NES (f) 0.29 0.27 0.32 0.33 0.29 0.37 0.68 0.57 0.79 0.99 0.88 1.1 0.55 0.39 0.71 0.3 0.14 0.46 0.53 0.42 0.65 0.8 0.73 0.87 

WW (m) 0.29 0.26 0.32 0.28 0.25 0.31 0.74 0.62 0.85 0.76 0.63 0.89 0.32 0.17 0.47 0.17 0.06 0.3 0.29 0.19 0.38 0.65 0.55 0.75 

WW (f) 0.33 0.29 0.38 0.34 0.28 0.41 0.66 0.41 0.91 1.08 0.86 1.29 0.79 0.54 1 0.14 0 0.36 0.36 0.13 0.59 0.72 0.51 0.92 

 

 

  



Appendix 6 
Regional environmental conditions and habitat types 

 

Figure A5. Maps show (from left to right) pup tracks colour-coded by individual, spring equinox maximum surface current speed, and substrate 
type for NE Scotland (a-c) and W Wales (d-f), demonstrating that individual pups experienced different environmental conditions and habitat 
types. Pup tracks in (b), (c), (e) and (f) are overlaid in black. Current data are extracted from the Met Office North-West European Shelf NEMO 
3.6 model, and substrate data are from the EMODnet Seabed Habitats Consortium.  
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